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Introduction 
 Adhesive bonding technology is of foremost impor-
tance for aerospace industry.  Light weight alloys, usually 
based on aluminium, are used for this type of applications 
and usually pretreatment has to be used to prepare the sur-
face in order to create the appropriate roughness and chem-
istry to allow adhesive bonding to be successful.  How-
ever, some of the treatments involve the use of chromium 
rinses based on Cr(VI) which is highly toxic and also ne-
cessitates specific and expensive recycling of the chemi-
cals employed for the process.  One alternative consists 
into using organosilane based adhesion promoters such as 
γ-glycidoxy propyl trimethoxy silane (GPS).  When such a 
molecule is used as a primer (optimized process) on alu-
minium, the durability obtained is similar to that for chro-
mic acid anodizing pretreatment and it has also been 
shown that a covalent bond is formed between aluminium 
and GPS as well as between an epoxy adhesive and GPS 
[1, 2]. 
 The obvious next step is to incorporate the silane in a 
formulation rather than as a primer.  Epoxy formulations 
of this type are already available as commercial products 
and it is proven that the incorporation of silanes improves 
the strength and durability of bonded joints.  Until re-
cently, it has been assumed that the mode of action is simi-
lar to that of an adhesion promoter when used as a primer 
and that the silane diffuses towards the interface where it 
hydrolyses and forms a covalent bond.  In reality, the exact 
mode of action is unknown and the concentration is chosen 
on an ad-hoc basis. 
 The aim of this work is to investigate the effect of 
GPS concentration on the durability and interfacial chem-
istry of adhesive joints formed from 2024T3 aluminium 
and Araldite 420TM containing a range of silane concentra-
tions. 
 
Experimental 
 Several formulations of epoxy adhesive were prepared 
based on Araldite 420TM with varying the amount of silane 
coupling agent from 0 to 2 % (w/w).  The mechanical test-
ing was performed in both ambient environment and 50°C 
at high RH (90%).  A typical Boeing wedge geometry was 
employed to perform the tests to allow for several samples 
to be tested in a relatively short time.  The substrate was 
aluminium 2024T3 to which the adhesive was applied after 
grit-blasting with clean alumina grit (240 mesh).  After 
application, the bonded joints were left for the adhesive to 
cure overnight followed by a post-cure of two hours at 
60°C.  For each concentration of GPS, five joints were 
manufactured.  Two were tested in ambient conditions and 
three at temperature, for each adhesive investigated. 
 After mechanical testing, joints tested at tempera-
ture were wrenched open and surface analysis was carried 
out by XPS and ToF-SIMS.  A Thermo VG Sigma Probe 
instrument was used to perform the XPS analysis.  A 
monochromatic AlKα source was used, at a spotsize of 
500 um.  For each specimen a survey spectrum and associ-
ated high resolution spectra were acquired.  Quantitative 
surface analysis were obtained using peak areas form high 
resolution spectra and the manufacturer’s standard soft-
ware (Avantage v1.85).  The ToF-SIMS analysis was per-
formed on an Ion Tof GmbH ToF-SIMS IV using a gold 
source  at 25 kV.  Spectra were recorded in both negative 
and positive polarities (although only positive will be 
shown here) up to 1400 Da.  The total ion dose was kept 
below the static limits. 
 
Results 
 
Durability Testing 
 Figure 1 illustrates the results obtained durability test-
ing (crack growth only).  Only the data obtained at tem-
perature and high RH are presented because, as antici-
pated, the data obtained at ambient conditions exhibit 
shorter crack growth and higher fracture energies.  It can 
easily be seen that the set of joints may be separated in two 
groups.  One for 1 and 0.5% and another for 0 and 2%.  
Two effects are noticed: values obtained for a small con-
centration of silane indicate an improvement of the dura-
bility of the joints when compared to that obtained for the 
adhesive without any GPS.  It is also important to notice 
that addition of “too much” silane induces a detrimental 
effect on the durability of the tested joint and provides data 
similar to those obtained for an adhesive without adhesion 
promoter. 
 
Surface Analysis 
 A visual assessment of the open joints (not shown 
here) indicate that the fracture seems to be mainly interfa-
cial as only two types of areas are visible, either bare alu-
minium or dark green adhesive.  If we consider the regions 
before and after the crack front, another distinction may be 
made where some regions exhibit darker shading on the 
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aluminium side indicating that the fracture obtained by 
opening the joints induces a fracture, at least partly, within 
the adhesive. 
 Table 1 shows the results of the XPS surface chemical 
composition of the open joints.  Several spots were ana-
lyzed each with its corresponding mirror image on the 
other side of the joint and only a representative collection 
of data is reported here. 
 
 
Figure 1. Comparison of the crack growth of joints tested 
at 50°C and 90% RH for all silane concentrations (0. 0.5. 1 
and 2 % w/w GPS). 
 
For comparison purposes, an aluminium beam was also 
analysed just after grit blasting.  On the aluminium side, 
the amount of carbon may be as high as 40%.  This is usu-
ally considered to be a concentration indicating a relatively 
clean metallic surface, i.e. an interfacial failure.  However, 
the amount of carbon present on the grit blasted aluminium 
is very low at 15.7%.  With the addition of the presence of 
nitrogen on the aluminium side, we can conclude that the 
failure is either extremely close to the interface or of a 
mixed mode type. 
 
Table 1.  Surface composition of open joints (at.%) 
Adhesive no silane 
 Al C O N Si Na 
Joint metal side 12.8 40 43.1 0.6 - 3.4 
Joint adhesive side 0.4 76.4 18.4 2.3 2.3 0.1 
Adhesive 0.5% silane 
Joint metal side 11.4 37 44.9 0.9 - - 
Joint adhesive side 0.6 75.8 19.6 2.6 1.3 - 
Adhesive 1% silane 
Joint metal side 12.7 37.5 46.1 0.6 - 2.9 
Joint adhesive side 0.5 76.0 19.7 2.9 0.6 0.2 
Adhesive 2% silane 
Joint metal side 12.5 34.9 45.0 1.0 - 6.5 
Joint adhesive side 0.5 76.9 18.3 3.1 0.9 0.2 
 
Discussion 
 Two effects may be expected from the incorporation 
of silane within the adhesive.  It is anticipated that the si-
lane will enhance the durability by forming bonds between 
the aluminium substrate and the adhesive after diffusion of 
a sufficient amount of these molecule towards the inter-
face.  In agreement with previous work, it is anticipated 
that these bonds will be of covalent nature capable of in-
creasing the durability of the joints as they are strong 
bonds.  It also assumes that a monolayer of silane has been 
formed at the interface rather than a layer of polymerised 
silane that may induce early failure because of the pres-
ence of a weak boundary layer.  This could explain why, 
for example, the adhesive containing the highest amount of 
silane in this work exhibits similar results to the control 
formulation.  Another possible effect induced by the pres-
ence of silanes in the formulation is a change in the density 
of crosslinking of the adhesives.  This may occur by induc-
ing reaction between molecules present in the adhesive and 
the silane.  Both curing agent and epoxy resin exhibit 
chemical functionalities capable of reacting with GPS, 
such as amine or alcohol.  This may be tested by finding 
out the values of toughness for each adhesive and ranking 
the data versus the concentration of silane.  Again, this 
may explain why the adhesive formulation containing 2% 
of silane fails apparently prematurely as an excess of silane 
if inducing excess crosslinking will render the material 
brittle. 
 Amongst the molecules present in the adhesive it is 
also expected that the curing agent may migrate and/or 
interact with the silane molecule.  To discuss this point we 
examined the surface composition on the adhesive side of 
the joints and compared it with that of bulk adhesive.  An 
easy way to report this comparison is by the examination 
of the ratio of the concentration of carbon to nitrogen as 
only the curing agent contains nitrogen (as well as proba-
bly a catalyst as the adhesive cures at room temperature).  
Table 2 presents the data obtained for all adhesives before 
the crack front. 
 
Table 2.  Ratios C/N for all adhesives bulk and interfacial 
Type of sample Bulk/Interface C/N ratio 
Bulk 25.5 
Adhesive 0% 
Interface 39.5 
Bulk 29.0 
Adhesive 0.5% 
Interface 29.3 
Bulk 26.5 
Adhesive 1% 
Interface 27.7 
Bulk 22.1 
Adhesive 2% 
Interface 26.3 
 
 As for the mechanical data, the values may be split 
into two groups.  One set exhibits value of C/N close to 
that obtained for the bulk adhesive and the other group 
exhibits higher or much higher values.  It is actually quite 
striking to notice that the group with values close to the 
bulk  correspond to the best concentrations of silane for 
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this system, i.e. 0.5 and 1% and the highest fracture ener-
gies.  The control system on the other hand, as well as the 
2% silane system have very different values.  It can be 
postulated that if the ratio C/N increases, it means that the 
amount of nitrogen decreases in the region that subse-
quently becomes the locus of failure.  This implies a deple-
tion of the curing agent in the region where failure occurs.  
This will lead to a localised reduction in crosslinked den-
sity.  The free volume of the resin in this region will thus 
be larger.than in the bulk of the adhesive.  On exposure to 
water molecules, the zones of larger free volume will act 
as preferential sink for water molecules which will con-
dense in these zones and effectively apply an internal 
strain at these points.  This along with the potential to plas-
ticize the resin will lead to a reduction in mechanical per-
formance compared with a hypothetical adhesive with a 
uniform level of cross-linked density. 
 
 One question remains on the diffusion of the silane 
towards the interface aluminium adhesive.  When examin-
ing the amount of silicon present on either side of the joint, 
it may be seen that silicon is present only on the polymer 
(adhesive) side of the joint.  If GPS has reacted with the 
aluminium the presence of silicon should be observed but 
none or very little was detected which implies that no si-
lane has migrated towards the interface.  The silicon de-
tected on the adhesive side may be explained by the pres-
ence of silica filler treated by another silane to control the 
thyxotropy of the system.  These results are partly in con-
tradiction with the improvement of the durability of the 
adhesive joints.  Therefore the answer to this conundrum 
seems to be connected with the diffusion (or lack of it) of 
the curing agent and probably with its interaction with the 
silane molecule within the adhesive.  In other terms, the 
improved durability may be assigned to an improvement of 
the mechanical properties of the adhesive overall rather 
than with any creation of specific bonds at the interface via 
GPS.  To provide further insight, the joints were analysed 
by ToF-SIMS.  The presence or absence of any Al-O-Si+ 
ion originating from either the adhesive or aluminium side 
of the joint can confirm or infirm the above theory.  It has 
been shown in previous work that joints exhibiting im-
proved durability upon deposition of GPS as a primer ex-
hibited this ion when compared to joints of low durability.  
This ion exists because of the formation of a bond between 
the aluminium and GPS.  Figure 2 shows this region for 
the bulk adhesive containing 0.5% GPS as well as for a 
joint formed with the same adhesive.  The position where 
the Al-O-Si+ ion is expected is indicated on the Figure by 
an arrow and it is obvious that is not formed confirming 
the above theory. 
 
Conclusions 
 The effect of the incorporation of an organosilane 
(GPS) within an adhesive formulation on the durability of 
adhesively bonded aluminium joints has been investigated 
using Boeing wedge tests and surface analysis (XPS and 
ToF-SIMS).  Three concentrations (0.5, 1 and 2%) as well 
as a control without GPS were tested.  The mechanical 
tests have shown that the incorporation of silane may lead 
to the improvement of the durability data as well as have a 
detrimental effect depending on the chosen concentration. 
 
 
Figure 2.  ToF-SIMS spectra of the 71 Da region at high 
mass resolution for a) bulk epoxy adhesive 0.5% GPS; b) 
aluminium side of an open joint formed with same adhe-
sive, c) same as previous but mirror adhesive side.  Arrows 
indicate position of fragment Al-O-Si+. 
 
 The use of surface analysis helped in identifying the 
locus of failure and we may conclude that the failure does 
not occur in an interfacial manner but in a mixed mode 
type of failure very close to aluminium.  By combining the 
XPS and ToF-SIMS results it is also possible to see that 
the improved durability is not obtained via GPS molecules 
diffusing towards the interface and forming covalent and 
durable bonds with aluminium but rather in a complex 
action resulting in controlling the diffusion of curing agent 
molecules. 
 
Acknowledgements 
 The authors want to thank Nigel Porrit (QinetiQ) for 
his help in setting up the mechanical testing; Mr Jerry 
Powell (Vantico Ltd) for his help in the fabrication of the 
adhesives; Dr John Bishopp for useful discussion and Tas-
con GmbH for the ToF-SIMS analyses. 
 
References 
                                                           
1. M-L. Abel, R. P. Digby, I. W. Fletcher and J. F. 
Watts, Surf. Interf. Anal., 2000, 29, pp 115-125 
2. A. Rattana, J. D. Hermes, M-L. Abel and J. F. 
Watts, Int. J. Adhes. Adhes., 2002, 22, pp 205-218 
a) 
b) 
c) 
